[:: : ^. bESCRIPTION 

Artificial Cartilage 

5 Technical Field 

The present invention relates to a differentiation-inducing effect 
enhanced by physical-mechanical stimulation applied on undifferentiated 
cells. More particularly, it relates to an artificial cartilage which is 
produced through the acceleration of differentiation of the undifferentiated 

10 cells to chondrocytes by irradiating the undifferentiated cells with 
ultrasound, in order to use it for the therjipy such as chondrocyte 
transplantation, cartilaginous tissue transplantation, osseocartilaginous cell 
transplantation or osseocartilaginous tissue transplantation, and a method 
and an apparatus for manufacturing the artificial cartilage. 

15 

Background Aft , 

For the treatment of cartilage disorder, a conservative treatment 
such as limitation of movement is mainly adopted. But, the conservative 
treatment has often no effect on the cartilage disorder, and a therapy with a 

20 surgical operation is used in such cases. 

For the surgical operation of a cartilage disorder site, a method 
wherein cartilaginous tissue or osseocartilaginous tissue is collected from a 
non-dainaged site, and the tissue is transplanted (Hangody et al.: Foot 
Ankle, Int Oct: 18 (lO), 628-34, 1997), a method wherein chondrocytes 

25 ■ collected fi-om a non-damaged site are subjected to an in vitro culture to 
proliferate them, and the proliferated .chondrocytes are transplanted to a 
damaged site (Brittbef g et al.: New Eng. J. Med. 331, 889-895, 1994) or the 
like is adopted. However, in the method wherein cartilaginous tissue is 
collected from a non-damaged site, the amount of the collection is hmited, 

30 and also in the method wherein the collected chondrocytes are proliferated 
by the in vitro culture, it requires a long time to obtain a sufficient amount 
of choiidrpcytes. 

- Oh the other hand, it has been reported that the irradiation of 
chondrocytes with viltrasound during culturing enhiances the biosynthesis of 
35 'Cartilage substrate (Parvizi et al.: J. Qrthop. Res.. 17(4):488-94, 19995 
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Nishikori et al.: J. Biomed. Master Res., 59(2) 201-206. 2002; and Zi-Jun 
Zhang et al.: 4th Symposium International Cartilage Repair Society, Tront, 

15-18/Jun, 2002). 1 

Regarding tdtrasound which brings about such effect, Duarte et al. 

5 performed studies for applying it . to bone fracture therapy (United State 
Patent No. 4,530,360), and subsequently an ultrasound- accelerated fracture 
healing device, SAFHS™, was developed by Exogen Inc. in USA. It was 
confirmed that the ultrasound-accelerated, fracture healing device, 
SAPHS™, had heahng- acceleration effects on fractures of the tibial 

10 diaphysis (Heckman et al., J. Bone and Joint Surg., 76A: 25^34, 1994), on 
fractures of the distal radius (Kristiansen et al., J. Bone and Joint Surg., 
79A:961-973, 1997) and so on in cUnical trials. 

Further, Pittenger et al. reported that undifferentiated 
mesenchymal cells can be differentiated into fat-cells, chondrocytes and 

15 osteocytes in vitro, and a medium composition which can induce the 
differentiation into said three kinds of cells were reported (SCIENCE 
284(2): 143-147, 1999, WO 98/32333). Fiurther, it was reported that bone 
differentiation is accelerated by the application of ultrasound by using an 
ultrasound-accelerated fracture heahng device (SAFHSTM) during the 

20 culture of undifferentiated mesenchymal cells in a bone differentiation 
inducing medium (Okada et al.: The 4*^ Japanese Society for Tissue 
Engineering, at Kawasaki, 6-7 July, 2001). . ' 

Disclosure of the Invention 

25 The present invention provides a method in which chondrocytes can 

be obtained in a short time in an amount sufficient for performing the 
treatment of cartilage disorder with surgical operation when a conservative 
therapy such as limitation of movement exhibits no effect, among various 
. treatments of cartilage disorder, and an apparatus therefor. 

30 The inventors of the present invention pursued zealous studies oh 

such problems, and they found that the application of mechanical and 
dynamic stimulation, that is, ultrasound irradiation to undifferentiated 
mesenchymal cells during culture accelerates Cartilage differentiation. 
Thus, they reached the present invention. 

35 That is, the present invention provides a method for manufacturing 
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artificial cartilage, based on a cell differentiation inducing method which is 
characterized in that undifferentiated cells are irradiated with ultrasoiind, 
and specifically a manufacturing method which is characterized in that 
undifferentiated mesenchymal cells are cvdtured in a cartilage 

5 differentiation inducing medium, arid ultrasound is applied on the 
undifferentiated cells. Especially, the present invention provides a method 
for manufacturing artificial cartilage, wherein the manufacturing method is , 
characterized in that the ultrasound to be applied is pulsed ultrasoxmd; the 
ultrasound has a fi-equency of 20 kHz to 10 MHz, a burst width of 10 /x sec 

10 to 1 msec, a repetition rate of 5 Hz to 10 kHz; arid an ultrasound intensity of 
5-120 mW/cm2; and preferably, the ultrasound has a firequency of 1.5 MHz, a 
burst width of 200 usee, a repetition rate of 1.0. kHz and an ultrasound 
intensity of 5-120 mW/cm2. 

Further, the present inventiori provides an appariatus for 

15 manufacturing artificial cartilage, wherein the apparatus comprises a 
culture vessel containing cultured imdifferentiated mesenchymal cells, an 
ultrasound transducer for applying ultrasound to the vessel, a control 
means for controlling the ultrasound, and a holding water-tank for 
installing the ultrasourid transducer and the culture vessel in the holding 

20 water-tank in such a state that they are in contact with each other. 

Furthermore, the present invention provide an apparatus for 
manufacturing artificial cartilage, wherein the apparatus is characterized in 
that the control means is a means for controlling the ultrasound transducer 
so that ultrasound pulse is output firom it, and the pulsed ultrasound has a 

25 fi-equency of 20 kHz to 10 MHz, a burst width of 10 jusec to 1 msec, a 
repetition rate of 5 Hz to 10 kHz, and an ultrasound intensity of 5-120 
mW/cm2. 

Brief Description of the Drawings , 
30 Figure 1 is a block diagram of an apparatus for manufacturing 

artificial cartilage of the present invention. 

Figure 2 shows external appearances of an ultrasound- generating 
unit of the apparatus for manufacturing artificial cartilage of the present 
invention. 

35 Figure 3 shows the results of alcian blue staining of pellets. 



Figure 4 shows the results of immunostaining of aggrecahs. 
Figure 5 shows the results of pellet sizes in each culture group. 
Figure '6 shows the results of amounts of DNA in each culture 

group. ,. ' 

Figure 7 shows the results of total amounts of protein in each 

culture group. 

Figure 8 shows the results of amounts of aggrecaii in each culture 

group. 

Figvire 9 shows the correlation of ultrasound intensities and an 
amount of aggrecan. . . ^ . - 

Best Mode for carrying Out the Invention 

The present invention relates to a method for manufacturing 
artificial cartilage by the differentiation induction of undifferentiated cells, 
especially by the differentiation induction of undifferentiated mesenchymal 
cells derived fi-om bone . marrow to chondrocytes, and an ultrasound 
irradiation apparatus to be used for the method, that is, an apparatus for 
manufacturing artificial cartilage. 

The ultrasound transducer for radiating ultrasound is made of a 
piezoelectric ceramic. Electric signals produced by an ultrasonic wave 
synthesizing apparatus are given to the piezoelectric ceramic of the 
transducer, and the transducer generates vibration (ultrasound) in the 
longitudinal direction on its surface by using the characteristics that 
microstrains are generated when voltage is apphed. 

The ultrasound to be used is low-intensity pulsed ultrasound, and 
the ultrasound having a firequency of 20 kHz tolO MHz, a burst width of 10 
usee to 1 msec, a repetition rate of 5 Hz to 10 kHz and an ultrasound 
intensity of 5-120 mW/cm^ is expected to be effective for the differentiation 
induction. Ultrasound having a firequency of 1.5 MHz, a burst width of 200 
u sec, a repetition rate of 1.0 kHz and an uitrasound intensity of 5- 120 
mW/cm2 is preferable, and vdtrasound having an ultrasound intensity of 30 
mW is especially preferable. 

The control means for controlling ultrasound is provided with an 
ultrasonic wave synthesizing function with which the ultrasound to be 
radiated from the ultrasound transducer is synthesized, an intensity 
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controlling function, a storage arithmetic means and an on-off controlling 
function for electricity. These functions and means may be integrated with 
the main operating unit and built in it, or may be divided into , the 
ultrasound transducer and the main operating unit. 

In the present invention, a propylene tube is used as a vessel for 
xmdifferentiated cultured cell for convenience' sake of experiments, but the. 
material and the shape of the vessel are not limited as far as they can be 
used for cell culture. In order to have the sure application of ultrasound, 
the ultrasound transducer and the culture vessel are stably placed in a 
water tank in such a state that they are in contact with each other. 

Figure 1 is a block diagram which takes part in ultrasound 
irradiation in an apparatus for manufacturing artificial cartilage of the 
present invention. The block dia^am is composed of a main pperating unit 
comprising a power source, a storage arithmetic \uiit, an input/oul5)ut unit, 
an oscillator, an ultrasonic wave synthesizing xmit, and an ultrasound 
generator which has a bviilt-in ultrasound transducer. The apparatus used 
in the examples is as follows: six units of the ultrasound generator are 
stably placed in the water tank with a fi:ame; and ultrasound is applied to a 
polypropylene tube containing cultured human undifferentiated 
' mesenchymal cells. 

(1) Power soxirce: 

A high capacity-type non-chargeable Hthivim battery is used. It has 
no power switch, the power is put on by the operation of the fi-ont panel, and 
the power is automatically turned off after the completion of an ultrasound 
irradiation for a specified time. The \iltrasound generator is energized 
firom the same battery. - 

. The transmission of control signals of the xiltrasound generator and 
the power supply are performed via an interconnection cable besides an 
operation switch, a liquid crystal display board and a buzzer. 

(2) Storage arithmetic unit: 

A CPU (central processing unit) is mounted on a printed board. 
The unit not only manages the irradiation time of ultrasound, but also 
monitors the operation and the state of the mounting of the ultrasound 



generator, and also performs a self-diagnosis. Further, the records of use 
are kept on a hackup memory, and they can be taken out as required. 

(3) Ultrasonic wave synthesizing unit: 

Signals having a burst width of pulsed ultrasound of 200 n sec and 
a repetition rate of 1 kHz are sent as the control signals for the ultrasound 
generator. Ultrasound signals of 1.5 MHz are produced in the oscillator. 
The control signals and the ultrasound signals of 1.5 MHz are combined to 
each other to produce electric signals of waveform having signal properties 
of a frequency of 1.5 MHz, an ultrasound intensity variable in the range of 
0-150 mW/cm2, a burst width of 200 p. sec and a repetition rate of 1 kHz. 

(4^ Ultrasound generator^ 

The ultrasound generator comprises a piezoelectric ceramic-made 
transducer, and it is connected to the main operation unit via a connection 
cable. A piezoelectric ceramic has such characteristics that voltage 
application generates microstrains. By using the properties, the electric 
signals produced by the ultrasonic wave synthesizing unit are given to the 
piezoelectric ceramic existing inside the transducer, and vibration 
(ultrasound) in its longitudinal direction is produced on the surface of the 
transducer. The vibration is used for irradiating chondrocytes. On the 
backside of the piezoelectric ceramic, an ultrasound absorber is adhered to 
prevent the leakage of the ultrasound. 

Examples 

1. Examination of cartilage differentiation inducing activity due to 
ultrasound irradiation 
[Cell culture] 

Human undifferentiated mesenchymal cells were suspended in a 15 
ml-polypropylene tube, the suspension was subjected to centrifugation at 
1,500 rpm for 5 min at room temperature, and they were allowed to stand at 
37°C for 24 hr under a 5%-C02 environment. Subsequently, the culture 
medium was exchanged, and the culture was continued. A 



cartilage-forming and differentiation-inducing basal medium (DMEM-high 
glucose, 0.17 mM of Ascorbic acid-2-phosphate, 0.35 mM of Proline, ImM of 
Sodium pyruvate, 0.1 n M of Dexamethasone, 6.25 // g/mL of Bovine 
insulin, 6.25 ju g/mL of Transferrin, 6,25 n g/mL of Selenous acid, 5.33 n 
5 g/mL of Liiioleic acid and 1.25 mg/mL of Bovine serum albumin) is used as 
the culture medium. ; 
[Test groups] 

The cultured human undifferentiated mesenchymal cells were 
divided into the following three groups, and cartilage differentiation 
10 inducing activities were examined under ultrasound irradiation. 
Group 1 (n=6): TGF- jS 3-free group. 

Group 2 (n=6): cartilage differentiation inducing group with added 
TGF- i3 3. 

Group 3 (n=6): cartilage differentiation inducing group with added 

15 TGF- jS 3 and ultrasound stimulation. 

That is. Group 1 was an untreated group (TGF- jS 3-£ree group), 
Group 2 was a cartilage differentiation inducing group in which the cells 
were cultured in the presence of 10 ng/mL of TGF- j3 3, and Group 3 was a 
group in which the cells were cultured under the same conditions as Group 

20 2, but ultrasound was applied during culture. In each group, the test size 
was six (n=6), the culture was carried out at 37°C under the atmosphere of 
5% CO2, and the cartilage -forming and differentiation-inducing basal 
medium was exchanged every 3 days. 
[Conditions for ultrasound irradiation] 

25 'A polyethylene tube containing the cultured human undifferentiated 

mesenchymal cells of the ultrasound irradiation group (Group 3) was placed 
directly on the ultrasound generator (Figure 2) installed in water, .and 
pulsed ultrasound having a frequency of 1.5 kHz, a burst width of 200 /z sec, 
' a repetition rate of 1.0 kHz and an ultrasound intensity of 120 mW/cm2 was 

30 applied to the polyethylene tube for 20 min a day every day for 10 days. 
[Measuring method] 

(1) Measurement of pellet size V 
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After 10 days of culture, pellets were photographed under a stereoscopic 
microscope (n=6). The pellet size was expressed by the maximum cross 
section. 

(2) Histological study 

5 Histological study was performed by using peUets which had been 

treated by 48 hr fixation with 10% formahn, dehydration, paraffin 
. embedding, alcian blue staining and anti-aggrecan antibody staining. 

(3) Assays of DNA, total protein and aggrecan 

Pellets were washed with PBS twice and extracted with 4M 
10 guanidine hydrochloride at 4'C for 24 hr, and the soluble extracted fi-action 
was subjected to the assay of proteins and aggrecans. The extraction 
residue was subjected to the. assajdng of DNA after it had been treated with 
proteinase K. In the soluble extracted fi-action, DNA was hardly detected. 

[Result] . ^ 

15 By the alcian blue staining (staining of acid mucopolysaccharide of 

cartilage substrate), pellets of Group 1 were slightly stained, but pellets of 
Group 2 and Group 3, which belong to differentiation inducing groups, were 
deeply stained. In the ultrasound stimulation group (Group 3), staining 
with high polarity was observed (Fig. 3). 

20 In immunostaining with anti-aggrecan antibody, pellets of Group 1 

were slightly stained, but pellets of Group 2 and Group 3 were stained 
deeply (Figi 4). In the ultrasound stimulation- group (Group 3), staining 
with high polarity was observed. The pattern of the immunostaining was 
same as that of the alcian blue staining. 

25 Pellet sizes were as follows: 1.19±b.l0 mm2 in Group i; 1.19±0.05 

mm2 in Group 2; and 1;08±0.04 mm2 in Group 3. The differentiation 
induction did not, affect pellet size, but the pellet size was reduced by 7% in 
the ultrasound stimulation. group (Group 3) (Fig. 5). 

The amounts of DNA were as follows: 10.4±0.85Aig in Group i; 

30 9.36 ±0.28 ng in Group .2; and 9.38 ± 0.42 m g in Group 3. In both 
cartilage differentiation inducing groups (Group 2 and Group 3), about 10% 
decrease in the amount of DNA was' observed. No influence of ultrasound 
stimulation on DNA production was observed (Fig. 6). 
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The amounts of total proteins were as follows: 4.52 ±0.06 m g in 
Group i; 4.76 ±0.47 (jl g in Group 2; and 5.22 ±0.19 m § in Group 3. 
Compared with the TGF- j3 3-free group (Group l), Group 2 and Group 3 had 
about 5% increase and about 15% increase, respectively, in the amount of 

5 total proteins (Fig. 7), 

The amounts of aggrecans were as follows: 0.34±0.38 ng in Group 

i; 1.38±0.76 ng in Group 2; and 2.55±1.15 ng in Group 3. The amount of 
aggrecans was increased aibout 4 times by the differentiation induction. 
Further, it was increased by .84% by the ultrasound stimulation (Fig. 8). 

10 ' • 

2. Examination of the correlation of ultrasound intensities and cartilage 

differentiation induction 

By using the above-mentioned ultrasound irradiation apparatus, the 
correlation between ultrasound intensities and the amount of aggrecan as 

15 an index of differentiation induction activity was studied. 

Ultrasound pulse having a frequency of 1.5 kHz, a burst width of 
200 fx sec and a repetition rate of 1.0 kHz, and an ultrasound intensity 
selected from 0, 30, 60 and 120 mW/cm2 was applied for 20 min a day every 
day for 10 days to a polypropylene tube containing the cultured human 

20 undifferentiated mesenchymal cells of the ultrasound irradiation group 
(Group 3), wherein the polypropylene tube has been placed directly on the 
ultrasound generator installed in water. The result of the above mentioned 
control group (-) (Group l) is also shown in Fig. 9. 

The correlation between ultrasound intensities and the amount of 

25 aggrecan was studied, and it was found that a significant increase was 
observed in the ultrasound stimulation group (120 mW/cm2, p<0.05) 
compared with the control group shown by (■) in the figure (O mW/cm2). 
Further, the ultrasound intensity with which the largest increase in the 
amount of aggrecan was observed is 30 mW. (Fig. 9) 

30 . ' 

Effect of the Invention , • 

With ultrasound irradiation during the culture Of undifferentiated 
mesenchymal cells collected from a patient himself in an in vitro culture 
system using a cartilage differentiation inducing medium, the present 
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I 

invention enables the preparation of an artificial cartilage in a shorter time 
than the conventional culture method. 

In stead of the conventional method in which the chondrocytes 
having a limited supply source are implanted to a cartilage disorder site, it 
5 becomes possible that artificial cartilage is produced by using 
undifferentiated mesenchymal cells abundantly obtainable from the body of 
the patient himself and differentiating them quickly to chondrocytes, and 
the obtained chondrocytes can be used for cartilage restoration. By using 
this method, a rejection reaction, which always becomes a problem in 
10 allotransplantation, can be avoided. 
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